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Abstract

This chapter discusses the sounds emitted by gas bubbles when they are generated underwater. Here we define bubbles to be

volumes of gas, surrounded by liquid (here, taken to be water), having surface tension forces (the so-called Laplace pressure)

generated by a single wall, and so are distinguished from the soap bubbles familiar in children’s games, where the volume of

gas is surrounded by two gas/liquid boundaries1. In comparison with other acoustic sources, such as marine mammals, ships

and tectonic events, a single bubble may seem insignificant. Indeed, without ideal conditions it can be difficult to observe the

sound of a single bubble from a distance of more than a few tens of centimetres. However, natural processes rarely produce

single bubbles, and in fact can generate them in their millions at which point the sound generation is significant. With the

formation of bubbles as a result of gas seeps, rainfall and breaking waves being a major component of ambient noise in the

marine environment and can even alter the propagation of sound waves from other sources. This chapter focuses on the passive

emissions of bubbles as they are formed, released, or injected into water, and here the volume pulsations are linear. In this

chapter we will discuss the mechanics behind an individual bubble’s acoustic signature, in particular the Minnaert equation and

other relevant properties, before discussing the formation of bubbles from subsurface gas migration, rainfall and wave action,

characterizing the acoustic nature of each process. The primary focus will be on the sound resulting from bubble generation

from each of these sources. A number of different units are used to define each acoustic source, while this may appear confusing

and make direct comparison difficult, this is done to be consistent with the literature. The topics covered here are broad, so the

approach taken is to summarise the key principles and state of the field, while providing substantial linkage to the literature.
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  23 



This chapter discusses the sounds emitted by gas bubbles when they are generated underwater. Here we define 24 

bubbles to be volumes of gas, surrounded by liquid (here, taken to be water), having surface tension forces (the so-25 

called Laplace pressure) generated by a single wall, and so are distinguished from the soap bubbles familiar in 26 

children’s games, where the volume of gas is surrounded by two gas/liquid boundaries1. In comparison with other 27 

acoustic sources, such as marine mammals, ships and tectonic events, a single bubble may seem insignificant. 28 

Indeed, without ideal conditions it can be difficult to observe the sound of a single bubble from a distance of more 29 

than a few tens of centimetres. However, natural processes rarely produce single bubbles, and in fact can generate 30 

them in their millions at which point the sound generation is significant. With the formation of bubbles as a result of 31 

gas seeps, rainfall and breaking waves being a major component of ambient noise in the marine environment and 32 

can even alter the propagation of sound waves from other sources. This chapter focuses on the passive emissions of 33 

bubbles as they are formed, released, or injected into water, and here the volume pulsations are linear.  34 

In this chapter we will discuss the mechanics behind an individual bubble’s acoustic signature, in particular the 35 

Minnaert equation and other relevant properties, before discussing the formation of bubbles from subsurface gas 36 

migration, rainfall and wave action, characterizing the acoustic nature of each process. The primary focus will be on 37 

the sound resulting from bubble generation from each of these sources. A number of different units are used to 38 

define each acoustic source, while this may appear confusing and make direct comparison difficult, this is done to be 39 

consistent with the literature. The topics covered here are broad, so the approach taken is to summarise the key 40 

principles and state of the field, while providing substantial linkage to the literature.  41 

  42 



Bubbles as acoustic sources 43 

 44 

While bubbles may be found throughout the water column and produced in all manner of ways, from fish 45 

flatulence to volcanic emissions, it is only the initial formation of the bubble near the source that is of interest in 46 

passive acoustics. Additionally, only a few sources of bubble production are common and large enough to warrant a 47 

full discussion, namely bubbles released from gas seeps on the seabed and those produced by either rainfall or 48 

breaking waves at the surface. The following section will discuss the initial release of gas bubbles into a body of 49 

water and the resulting acoustic signal. These are the fundamental principles behind bubble acoustics and are 50 

directly applicable to all initial sources of bubble production.  51 

 52 

The injection of a gas bubble 53 

 54 

  A bubble does not instantly appear fully formed in the water column. The gas is injected into the 55 

body of water over a very short period of time. While there are several processes by which this injection can happen, 56 

the core principles remain the same; a small volume of gas from a larger reservoir encroaches into a body of water 57 

with the two volumes of gas being connected via a thin neck. As the small volume of gas extends further and further 58 

into the body of water the neck is stretched thinner and thinner, eventually snapping, and releasing the small 59 

volume of gas into the water as a distinct bubble. It is the snapping of the bubble neck that is of most interest to us 60 

as it results in a jet of water being momentarily propelled into the bubble, triggering an initial volume oscillation. 61 

This volume oscillation is ultimately what results in the acoustic signal of a bubble release 1–3. 62 

 63 



 64 

Figure 1; a bubble emerging from an underwater nozzle of internal diameter 4.00 mm. As the bubble grows a neck 65 

forms between it and the injection nozzle, the neck eventually snaps releasing the bubble and propelling a jet of 66 

water into the it. This jet decreases the volume of the bubble and causes it to undergo simple harmonic motion. Times 67 

are given in milliseconds relative to the moment the bubble is detached (i.e., the neck snaps), note these timings will 68 

change with nozzle size and gas flow rate. Adapted from Longuet-Higgins et al., 1991 and Czerski & Deane et al., 69 

2010.  70 

 71 

The easiest way to understand the process of bubble release is to study gas being injected into a body of 72 

water via a needle, as seen in figure 1. Theoretical calculations have been used to deduce the stages of bubble 73 

injection via a needle, reinforced by lab observations2. These stages are best described in relation to the radius of 74 

curvature (the radius of a circular arc that best approximates the curve) of the meniscus at the top of the bubble, the 75 

scales are dimensionless. The bubble initially grows from the surface of the nozzle as gas flows through it, the radius 76 

of curvature decreasing from 1 to <0.5 with volume increasing steadily (t = -830 ms in figure 1). The bubble profile 77 

changes from near horizontal to semi-circular in shape. Near the moment the tangent to the meniscus at the point of 78 

attachment to the nozzle becomes vertical (t = -730 ms in figure 1), the volume increases rapidly while the radius of 79 



curvature remains roughly constant (t = -480 ms in figure 1). Subsequently the volume and radius of curvature 80 

increase steadily. Here a “neck” begins to form, this is the narrowest part of the bubble profile, located between the 81 

nozzle and the main body of the bubble (t = -80 ms in figure 1). Once the radius of curvature equals ~0.655 the 82 

tangent to the meniscus at the point of attachment (now the neck of the bubble) becomes near vertical again and 83 

there is a second sharp increase in volume. The bubble now has a distinct diapir like shape (t = -2 ms in figure 1). The 84 

volume of gas in the bubble reaches a maximum, beyond this point the bubble in considered unstable. Further air 85 

forced into the bubble causes it to detach, a snapping of the neck releases the bubble allowing it to rise upwards (t = 86 

0 ms in figure 1).2 The upper half of the neck recedes back into the bubble as a jet of water propels itself inwards (t = 87 

2 ms cross section in figure 1), this decreases the volume of the bubble resulting in a volume oscillation1–3.   88 

 89 

Bubbles as simple harmonic oscillators  90 

    91 

Immediately after its release into the water column, regardless of the means of production, a bubble begins 92 

to pulsate. The bubble itself might undergo a wide range of oscillatory changes in shape, but these can be 93 

decomposed into a summation of spherical harmonic pulsations, and only one of these (the zeroth order) changes 94 

bubble volume to first order, and hence changes the gas pressure to first order (at low Mach numbers), and so 95 

couples to acoustic fields1. Therefore, despite the fact that the bubble will often depart from sphericity, with a few 96 

notable exceptions that will not be discussed further in this chapter4, it is appropriate when discussing the 97 

interaction with sound fields at low Mach numbers to refer to the pulsations of a spherical bubble. This oscillation 98 

approximates a simple harmonic oscillator at low amplitudes, occurring at the natural frequency of the bubble1. It is 99 

possible to derive the relationship between the radius of a bubble and the frequency of its initial free oscillations by 100 

assuming there are no dissipative losses, e.g., through viscosity or thermal conduction, via consideration of the flow 101 

between potential and internal energy. The natural frequency of bubble oscillation is known the “Minnaert 102 

frequency”5. 103 

 104 

As a simple harmonic oscillator, the pulsation of a bubble is analogous to the classic bob on a spring system, 105 

of unloaded length 𝑙0 and loaded length  𝑙. The water around the bubble are the bob weight and the gas within the 106 

bubble is the spring, as demonstrated in Figure 2a. Note that the contribution of the water to the effective mass of 107 



the system declines with distance from the bubble wall so that the mass is in effect finite. The displacement 휀 from 108 

the equilibrium position corresponds to displacement of the bubble wall 𝑅𝜀 between its equilibrium radius 𝑅0 (the 109 

bob at 𝑙 − 𝑙0) and its present radius 𝑅 at any given moment (the bob at 𝑙 + 휀 − 𝑙0), see figure 2.  The gas pressure 110 

following compression or expansion act to restore the bubble to its equilibrium position, so is analogous to the 111 

spring stiffness in the spring-bob example. However, it is important to note that the gas in the bubble is less dense 112 

than the surrounding medium (unlike the bob in air). So, while in the spring-bob system inertia and momentum are 113 

dominated by the bob it is the inertia of the water surrounding a bubble which dominates in the bubble system, the 114 

mass of the gas being negligible.  115 

 116 

 117 

Figure 2; A) diagram comparing simple harmonic oscillators i. a spring bob system ii. a bubble wall moving B) 118 

diagram of a bubble of radius 𝑅0 the wall of which is undergoing small amplitude oscillations of amplitude 𝑅𝜀0. It is 119 

surrounded by spherical shells of liquid, one of which has a radius of 𝑟 and a thickness of ∆𝑟  120 

It is this final stage of the bubble formation that triggers the simple harmonic motion of a bubble1,3.  The 121 

snapping of the neck triggers an initial volume oscillation that acts as an exciting force causing the bubble to emit 122 

sound at its natural frequency. We assume this initial driving impulse is of an infinitesimally small duration meaning 123 

that while the bubble undergoes subsequent oscillation it effectively experiences no driving force.  124 

With this idea of a bubble as a simple harmonic oscillator we can describe the shape of the bubble over time. 125 

Imagine a bubble (Figure 2b) with a mean radius of 𝑅0 that remains spherical at all times while undergoing a volume 126 



oscillation at a frequency of 𝜔0. The maximum displacement of the bubble wall is 𝑅𝜀0 so that 𝑅𝑚𝑎𝑥 =  𝑅0 +127 

𝑅𝜀0 and 𝑅𝑚𝑖𝑛 =  𝑅0 − 𝑅𝜀0. Thus, the bubble radius 𝑅 at any time 𝑡 can be express as the real part of 128 

𝑅 =  𝑅0 +  𝑅𝜀(𝑡) =  𝑅0 + 𝑅𝜀0𝑒𝑖𝜔0𝑡. 129 

(1) 130 

The displacement of the bubble wall 𝑅𝜀  from equilibrium over time describes a motion 131 

𝑅𝜀 = −𝑅𝜀0𝑒𝑖𝜔0𝑡. 132 

(2) 133 

134 



Minnaert frequency  135 

With a description of the motion of the bubble wall over time we can describe the flow between kinetic and 136 

potential energy. From here we can apply the concept to conservation of energy in order to derive the Minnaert (or 137 

natural) frequency of a bubble1,5. 138 

  139 

𝑓𝑀 =
1

2𝜋𝑅0

√
3𝜅𝑝0

𝜌
, 140 

(3) 141 

𝜌 being the density of water, 𝑝0 being the hydrostatic liquid pressure outside the bubble and 𝜅 being the polytropic 142 

index (which takes a value equal to unity when the gas behaves isothermally and equals the ratio of the specific 143 

heats of the gas at constant pressure to that at constant volume, when the gas behaves adiabatically). A full 144 

derivation of Minnaert frequency can be found in the appendix of this chapter. 145 

The Minnaert equation demonstrates that the frequency of a bubble’s oscillation is inversely proportional to its 146 

equilibrium radius 𝑅0. As the other factors are fairly consistent or easily predictable (polytropic constant, density of 147 

water, water pressure outside of the bubble) it is relatively easy to measure the size of a bubble based on its acoustic 148 

signal. As a general rule of thumb for bubbles near the surface the radius in mm multiplied by the frequency in kHz is 149 

equal to approximately 3 i.e., a 1 mm radius bubble has a 3 kHz frequency, a 1.5 mm radius bubble has a 2 kHz 150 

frequency, and a 3 mm radius bubble has a frequency of 1 kHz 151 

Once a bubble starts oscillating it begins to lose energy in three ways. Firstly (and most importantly for us) 152 

energy is radiated from the bubble through acoustic waves (radiation damping). Secondly energy is lost through 153 

conduction between the gas and the surrounding liquid (thermal damping). Finally energy is lost moving the water 154 

around the bubble as it oscillates (viscous damping)1. It is because of these factors that the bubble can be considered 155 

lightly damped6. This damping is typically described by the “quality factor” of the bubble, 𝑄, which is approximately 156 

defined as the ratio of the initial energy to the energy lost in one radian cycle of oscillation7. We will avoid a full 157 

discussion on the damping constant of a bubble, see Ainslie and Leighton (2011) for this, and will note that the 158 

oscillation of millimetre sized bubbles decays exponentially over ~10-30 of milliseconds1 and varies with gas content 159 



i.e., for air Bubbles 𝑄 = 34 while for pure methane bubbles and carbon dioxide bubbles 𝑄 = 24 and 29 160 

respectively7. 161 

The polytropic adaptation of the Minnaert equation was first used in the 1980s to infer the size distribution and 162 

number of bubbles formed in the natural world, in waterfalls and streams8, and over subsequent years this method 163 

was extended to do the same for bubbles entrained by breaking waves9 and rainfall10. This method works well when 164 

the ’signature’ passive emission from each bubble is clearly separated in time from others, however this method of 165 

counting and sizing bubbles becomes more difficult as the signatures from each bubble get closer in time and 166 

overlaps, and while signal processing techniques can alleviate the problem11, eventually the degree of overlap 167 

becomes so great that this technique must be replaced by a spectral approach (discussed later)12.  168 

A recording of a bubble signature, as seen in figure 3, shows a sinusoidal wave which decays exponentially 169 

indicative of a lightly damped oscillator with a frequency consistent with that predicted by the Minnaert equation 170 

(equation 3).  Though it should be noted that as the sound generated by a bubble is an exponentially decaying 171 

sinusoid, the sound will contain a range of frequencies and the spectral profile of each bubble will be Lorentzian13, 172 

centred around the natural frequency1. The bubble seen in figure 3 was released at a water depth of 2.5 m has a 173 

frequency of 0.38 kHz. Using equation 3 (or the rule of thumb 𝑅0(𝑚𝑚) = 3 𝑓𝑀(𝑘𝐻𝑧)⁄ ) this corresponds to a radius of 174 

7.9 mm. 175 



 176 

Figure 3; sonogram displaying the typical acoustic emission of a bubble as recorded by a hydrophone. Here the 177 

bubble was released from sediment at a water depth of 2.5 m, 25 cm from the hydrophone. The bubble became 178 

detached at around 20 ms, triggering simple harmonic oscillation resulting in exponentially decaying sinusoidal wave. 179 

The bubble oscillates with a frequency of 0.38 kHz (T = 2.6 ms) which we can inverted via the Minnaert equation (eq. 180 

3) to indicate a radius of 7.9 mm. 181 

 182 

The Minnaert equation was later adapted to include the effects of vapour pressure 𝑝𝑣, surface tension 𝜎, 183 

and shear viscosity 𝜂 and so is more correctly presented as1,14;  184 

𝑓𝑀 =
1

2𝜋𝑅0√𝜌0

√3𝜅 (𝑝0 − 𝑝𝑣 +
2𝜎

𝑅0
) −

2𝜎

𝑅0
+ 𝑝𝑣 −

4𝜂2

𝜌0𝑅0
2 , 185 

(4) 186 

Figure 4 displays the natural frequency of bubbles calculated using equation 4 at various sizes and depths. 187 



 188 

Figure 4; graph displaying the natural frequency of bubbles of various sizes according to the refined Minnaert 189 

equation (4) at a range of water depths 1, 10, 30, 100, 300, 1000, 3000 and 8000m. Calculated assuming 𝜌 = 1000 190 

kg/m3, 𝜅 = 1.4, at a temperature of 10 °C and a salinity of 0 %. 191 

Bubbles generated near the ocean surface will actually have a natural frequency 𝑓0, which is slightly higher 192 

than that specified by the Minnaert equation as a consequence of the reduced inertia of the fluid near the surface. A 193 

similar effect occurs if the water surrounding the bubble also contains bubbles in close proximity. Strasberg 194 

calculated the effect on the frequency showing that15. 195 

𝑓0 =  
𝑓

𝑀

√1 − (
𝑅0

2ℎ⁄ ) − (
𝑅0

2ℎ⁄ )
4

, 196 

(5)  197 

where ℎ is the distance from the centre of the bubble to the surface of the water. As ℎ is always greater than 𝑅0, the 198 

denominator is always less than 1 and so, the oscillation of a bubble in the near surface is always slightly greater 199 

than that predicted by the Minnaert equation. For example, a bubble at a depth ℎ = 4𝑅0 will have a frequency ~7% 200 

higher. Alternatively, one should also be able to see that when ℎ ≫ 𝑅0, i.e., the bubble is a few tens of centimetres 201 

or more beneath the water’s surface, the frequency of a bubble is equal to the Minnaert frequency. 202 



𝑓0 =  𝑓
𝑀

  for ℎ ≫ 𝑅0. 203 

(6) 204 

Another notable deviation from the Minnaert equation occurs when bubbles are generated (nearly) 205 

simultaneously in close proximity, as is the case with wave generated bubbles. The bubbles are linked by acoustic 206 

and hydrodynamic interactions resulting in coupled oscillator systems that tend to oscillate at much lower 207 

frequencies than the natural frequency of any individual bubble within it. In effect, a cloud of small bubbles can emit 208 

an acoustic signature similar to that of a much larger bubble. A region of bubbly water containing a total of 𝑁𝑏 209 

identical bubbles (each having a radius 𝑅0 and a natural frequency of 𝑓0) composes an air water mixture with a void 210 

fraction 𝑉𝐹. If this bubbly water was submerged in bubble-free water and the boundary between the two were 211 

assumed to be rigid (a poor assumption but a useful starting point), then the modal frequency 𝑓𝑛 of a bubble cloud 212 

can be given by16 213 

𝑓𝑛 = 𝑓0

𝑛

𝑁𝑏
1 3⁄

∙ {𝑉𝐹}1 6⁄
,   214 

(7)  215 

where 𝑛 is the mode of oscillation. It should be apparent that for any cloud with more than a few hundred bubbles 216 

the lower order modal frequencies will be lower than the natural frequency of the individual bubbles. E.g., a 10 cm 217 

cloud of 1000 bubbles will have a 1st order modal frequency 1/3 that of the bubble oscilations1. The greater the 218 

number of bubbles in the same space, the lower the modal frequency. Obviously, bubble clouds do not have rigid 219 

walls, but the general trend holds true with complexities in cloud geometry and bubble size distribution being a 220 

greater source of error. In practice this means that if bubbles exist in clouds, then the emission, and perhaps more 221 

prominently the scattering, of sound by the cloud of bubbles, will contain elements at this cloud frequency, in 222 

addition to the signals of the individual bubble resonances themselves1.  223 

 224 

In summary the release of a bubble into the water column causes it to undergo simple harmonic 225 

oscillation. The resulting acoustic signal is an exponentially decaying sinusoidal wave at the natural (or Minnaert) 226 

frequency of the bubble, which is approximately inversely proportional to its equilibrium radius. Measuring the 227 

volume of gas release at slow sources of bubble production (a few Hz) acoustically is relatively trivial. One simply 228 



needs appropriate recording equipment and an understanding of the basic field/lab conditions (water depth etc.) 229 

to individually count and size each bubbles signal without needing any knowledge of the energy emission from an 230 

individual bubble12. Indeed this ‘signature’ method of flux measurement can even be used as an undergraduate 231 

lab experiment. However, as we will discuss later measuring the volume of released gas becomes increasingly 232 

difficult as the rate of bubble production increases. 233 

Subsurface gas release 234 

Gas can be generated below the seabed from a number of different sources namely thermogenic, biogenic, and 235 

anthropogenic. When this gas reaches the seabed, it will escape upwards into the water column by the formation of 236 

bubbles17–19. This can have a major impact on ocean chemistry via dissolution and is a poorly understood part of the 237 

global carbon cycle 20–23. Additionally, the release of each bubble produces an acoustic signal which can affect 238 

soundscape in local areas 1,12,24. The sound is emitted as soon the bubble detaches from the seafloor and lasts ~20 239 

ms, which given that bubbles tend to rise upwards of a speed of 20-30 cm/s confines the production to within ~5 240 

mm of the seafloor.  We will first describe the passage and release of a single bubble before discussing localised 241 

seeps, their resultant signal and flux inversion techniques. The following is applicable to bubbles of any gas type, the 242 

Minnaert frequency varying only slightly as described by equation 4. 243 

In a typical near-surface marine sediment, the pores between grains are saturated with water. The introduction 244 

of gas, for example from an underlying fault, slowly invades the surrounding pores, displacing the water. This 245 

intrusion can occur either by capillary invasion or by fracture opening21–23. The difference in density between the gas 246 

and the surrounding medium, creates a buoyancy force which typically causes the gas to rise upwards25–27. When gas 247 

reaches the seabed, it will continue to rise upwards due to the buoyancy forces. The sediment pores act like a kind of 248 

“nozzle”, akin to a needle in a test tank, through which the bubble is injected into the water column12,20. The bubble 249 

will escape into the overlying water when the buoyancy forces acting on it overcome the adhesive like forces 250 

attaching it to the sediment.  251 

The passage of gas through the upper few centimetres of the seabed can cause a weak oscillatory signal, audible 252 

in the water column, possibly as the grains rearrange to create an orifice for the bubble beneath the surface1. 253 

Vazquez et al., (2015) were able to observe this event using synchronous high-speed video and acoustic recordings 254 

of gas migrating through granular sediment28. The signal appears unpredictable and is expected to vary with grain 255 



size, grain type, bubble size, water pressure etc. Indeed, there is some experimental evidence indicating that the 256 

sound is absent for fine silts and coarse pebbles. As the magnitude of this precursor signal is smaller than that of 257 

subsequent bubble oscillation the phenomenon remains largely unexplored. Thus, the acoustic signature of a single 258 

bubble being released from sediment can be defined as an exponentially decaying sinusoidal wave resulting from 259 

bubble oscilation8 potentially preceded by a weak unpredictable oscillatory signal in certain sediment types28, as 260 

seen in figure 5. 261 

 262 

 263 

Figure 5 A) the release of a bubble from granular sediment and B) the corresponding acoustic signal. Note (2) the 264 

chaotic weak signal resulting from the rearrangement of grains as the gas reaches the seabed and (4) the stronger 265 

distinct acoustic signature of the bubble being released into the water column. Adapted from Vazquez et al., (2015)   266 



Gas seep acoustics  267 

The continuous passage of gas through the same area may cause the development of open channels (or 268 

chimneys) in the sediment which direct the flow of gas to a single localised point on the seabed, forming a seep29–31. 269 

A subsea gas seep is broadly defined by the continuous release of gas from the seabed into the water column. There 270 

is no set magnitude for the flux of gas from a seep29–31, meaning the term encompasses seeps that release tens to 271 

millions of bubbles per minute. Similarly, there is no strictly defined time scales for being continuous, some seeps 272 

are born and die within a few hours, some are only active for certain times of the day or year while others have been 273 

active for centuries30,32,33. It is also worth noting a seep does not have to be in sediment, it may also come from 274 

exposed bedrock or even manmade features such as leaking pipes. The term pockmark is often synonymous with gas 275 

seep from sediment, though strictly speaking the term only defines the depressions created in the seabed by the gas 276 

release30,33.  277 

The size of a bubble released from the seabed is difficult to predict. In a lab the size of a bubble released from a 278 

needle is generally considered a factor of the size of the nozzle, the gas injection pressure, and the overlying water 279 

pressure, although even these have limited control of bubble size2,34. Even in a controlled setting it is difficult to 280 

regularly produce identically sized bubbles, making bubble size highly variable in the field. Assuming the pores 281 

between grains act as nozzles then one might anticipate that larger pore spacings, which are generally associated 282 

with the larger and more rounded the grains, would generate larger the bubbles. However, when open conduits 283 

form in sediment, pore size becomes less important in favour of conduit size which can vary significantly based on 284 

numerous factors including the age of the chimney. Consequently, bubble size distributions are unique for each 285 

seep, indeed the exact bubble size distribution (and thus gas flux) is likely to change over time as the underlying 286 

conduits evolve and the overlying water pressure fluctuates with tidal and seasonal variations35–43. Gas flux from 287 

underwater seeps can also vary as a result of underlying causes such as seabed temperature, seismic or volcanic 288 

activity42,44–48. In deep marine settings bubble sizes have commonly been observed between 1 and 6 mm in radius36,49 289 

while shallower waters (<10 m) have been observed to contain larger bubbles greater than 10 mm in radius1,12,47,50 , 290 

though this trend is far from a rule and exceptions are plentiful. 291 

The acoustic signature of a seep is thus defined by its bubble generation rate i.e., the rate at which bubbles of 292 

different sizes are released. Unfortunately, as every seep has a unique bubble generation rate it is difficult to define 293 

a general rule for the passive acoustic emissions. In the simplest case of a “slow seep” releasing a few bubbles a 294 



second, its acoustic emission can be defined by the continuous release of bubbles, i.e., a continuous repetition of 295 

signal seen in figure 312,51. Ultimately these signals are weak and have little impact on the marine soundscape due to 296 

the flux rates being so low meaning they are of little interest to many researchers. 297 

Larger seeps with higher gas flux rates, generate stronger signals which can be observed at greater distances and 298 

may have a noticeable impact on ocean chemistry. However, as the frequency of bubble release increases with flux 299 

rate eventually the acoustic signals of each release begin to overlap making it impossible to distinguish individual 300 

bubble oscillations36,52,53.   301 

By considering the combined signal of multiple bubble releases Leighton and White (2012) derived the power 302 

spectral density 𝑆(𝜔) of the far field acoustic signature of a gas seep at some distance 𝑟;   303 

𝑆(𝜔) = ∫ 𝐵(𝑅0)|𝑋𝑏(𝜔, 𝑅0)|2
∞

0

𝑑𝑅0, 304 

(8)  305 

where 𝜔 is the angular frequency, 𝐵(𝑅0) is the bubble size distribution as a function of 𝑅0 defined such that 𝛹(𝑛) =306 

∫ 𝐵(𝑅0)𝑑𝑅0
𝑅2

𝑅1
 represents the number of bubbles generated per second with a radius between 𝑅1 and 𝑅2 i.e., the 307 

bubble generation rate, 𝛿𝑡𝑜𝑡 is the total damping constant for pulsation at resonance and 308 

|𝑋𝑏(𝜔, 𝑅0)|2 = 𝑅𝜖0𝑖
2 𝜔0

4𝑅0
4𝜌2

𝑟2 (
4[(𝜔0𝛿𝑡𝑜𝑡)2 + 4𝜔2]

[(𝜔0𝛿𝑡𝑜𝑡)2 + 4(𝜔0 − 𝜔)2][(𝜔0𝛿𝑡𝑜𝑡)2 + 4(𝜔0 + 𝜔)2]
). 309 

  (9)  310 

The important unknown in this equation is the initial amplitude of displacement of the bubble wall at the start of 311 

the emission (𝑅𝜖0𝑖) [not to be confused with 𝑅𝜀0 the maximum displacement of bubble wall from the equilibrium 312 

radius]. There is strong evidence to suggest this is a function of the equilibrium bubble radius (𝑅0). However, this 313 

exact relationship is yet to be defined. Consequently, many studies have elected to treat 𝑅𝜖0𝑖 𝑅0⁄  as a constant 314 

existing somewhere between 1.4 × 10−4 and 5.6 × 10−4, based on experimental observations12. Though it should 315 

be stressed this is a pragmatic choice with no theoretical foundation. It is important to note that the above 316 

formulation excludes the signal from the rearrangement of grains prior to a bubbles release. However, this is 317 

reasonable as 1) the signal is very weak28 and 2) seeps with a higher flux contain open conduits that do not require 318 

grains to be rearranged to facilitate the migration of gas20.   319 



This spectral approach allowed Leighton and White to invert the signal from a given gas seep (at a known 320 

distance from a hydrophone) to determine the number of bubbles of various sizes released within a given period, 321 

providing them with an estimate of gas flux 12. In replacing the signature method for counting and sizing bubbles in 322 

circumstances where their passive acoustic emissions overlapped, they drew particular attention to the lack of 323 

knowledge about the energy of an individual bubbles’ emission. While the signature method had managed to bypass 324 

this unknown their spectral method could not. Whilst the spectral method had the power to count and size bubbles 325 

when the signatures overlapped, they noted that the reliance on literature values for the energy released by a 326 

bubble was the greatest source of uncertainty, particularly as the energy associated with the release of a given 327 

bubble is likely to vary with the mode by which it is entrained (injected by a needle, or through sediment, via a gas 328 

pipe leak or entrained in the upper ocean by rainfall or breaking waves), and the depth at which it is entrained. In 329 

simple terms, if the count of bubbles of a certain size is based on the energy detected in a given frequency band, 330 

then if the acoustic energy in that band is divided between the bubbles contributing to it, the estimation calculates 331 

fewer bubbles were entrained the more acoustic energy is contained in each bubble signature12. Further 332 

complications were identified, in that a given injection process can cause the bubble to fragment after release, or 333 

merge with other bubbles, and this can lead to the injection of a single bubble generating multiple signatures34. 334 

Despite all of this, to date the use of the spectral method in the field has proven effective, providing continuous 335 

estimates of gas flux over extended periods of time validated by intermittent physical measurements. However, a 336 

need to reduce the uncertainty in these measurements is continually noted36,50,52.    337 

Given the highly variable nature of seafloor gas seeps, particularly in regard to the size of the bubbles and 338 

their rate of release, it is difficult to give a general impression of their contribution to the marine soundscape. In 339 

order to do so here we use the above equations to simulate the sound pressure level (SPL) of a single point focused 340 

seep venting gas at the rate of 10, 100, 1000 and 10,000 L/min assuming a log normal bubble size distribution 341 

between 0.5 and 10 mm radius. The results are displayed in figure 6 alongside the SPL of various intensities of wind 342 

and rain generated bubble noise. We would emphasise that these graphs are meant to serve only as an approximate 343 

guide to the potential effect natural seeps can have on the marine soundscape. Here we see the signal is confined 344 

mainly between 1 to 10 kHz (a result of the selected bubble size distribution) with the magnitude of the signal 345 

increasing in line with rate of gas flux. A maximum amplitude of 97 dB rel 1µPa2/Hz is seen at 10,000 L/min, well in 346 

excess of wind and rain generated bubble noise.   347 



 348 

 349 

Figure 6; Ambient noise spectral density from 0.1 to 100 kHz for common bubble production sources in the marine 350 

environment including gas seeps, rainfall, and breaking waves. Gas seepage is simulated at different flux rates in 351 

L/min at 100 m water depth assuming a Gaussian bubble size distribution between 0.5 - 10 mm radius. Rainfall data 352 

at different intensity levels in mm/hr is from Ma and Nystuen (2004), breaking wave data observations at different 353 

wind speeds in knots is from Wenz (1962). 354 

In summary the release of gas from the seabed releases an acoustic signal at the natural frequency of the 355 

resulting bubble. As the flow of gas out of a seep increases the acoustic signals of each bubble released begins to 356 

overlap making the resultant signal a summation of each individual bubble’s natural frequency. Consequently, it is 357 

currently impossible to predict the sound resulting from a gas seep (or indeed a field of seeps) without an 358 

understanding of its bubble size distribution. However, by observing the acoustic signature of a known seep, it is 359 

possible to quantify the size of bubbles being released and thus estimate the flux, observing tidal and seasonal 360 

variations.  361 

  362 



Rainfall acoustics 363 

When a rain droplet impacts a body of water it forms an impact crater and may entrain a bubble. Consequently, 364 

falling rain produces two sounds in the marine environment, figure 7a, firstly the initial impact of the droplet on the 365 

body of water which generates a compressional wave. Secondly the simple harmonic motion of a bubble following 366 

its release into the water, once again at the Minnaert frequency1. This scenario is directly comparable to a leaky tap 367 

dripping water into a sink, producing a distinct “plinking” noise1,54,55. While some incorrectly assume this sound is a 368 

consequence of the initial collision between drop and water surface, it is in fact the entrainment of bubbles that 369 

produces the majority of the acoustic signature. We will first discuss the sound of the initial droplet impact before 370 

discussing the processes of entrainment, the resulting acoustic signature of rainfall and methods of rainfall 371 

quantification. 372 

The impact of the rain droplet on the water’s surface initially produces a sharp acoustic pulse, with a duration of 373 

10-40 µs, as a result of the “water hammer” effect (a pressure surge caused when the motion of a fluid is stopped). 374 

The pressure radiated by the impact is given by10. 375 

𝑝𝑖𝑚𝑝𝑎𝑐𝑡 =
𝜌𝑢𝑑

3𝐿𝑑

2𝑐

cos 𝜃

𝑟
𝒖, 376 

(10) 377 

where 𝜌 is the water density, 𝑢𝑑 is the impact speed of the droplet, 𝐿𝑑 is the diameter of the droplet, 𝑐 is the speed 378 

of sound in water, 𝜃 is the angle between the observer and sound source relative to the z axis, and 𝒖 is the impact 379 

Mach number. Raindrops typically have a diameter between 0.5 to 5.0 mm (larger droplets tending to break up) 380 

resulting in an impact velocity between ~2.0 and 9.0 m/s56. This means that while for individual droplets it is easy to 381 

identify the impact signature, this sound is dwarfed by the later oscillation of a bubble, by a factor as large as 200:1, 382 

meaning that during rainfall (where bubbles are continuously oscillating) the sound of impact has very little effect on 383 

the overall acoustic signature, and is responsible only for a weak broadband signal54. 384 

The entrainment of a bubble by a droplet of water is dynamic process, much more complex than the injection of 385 

gas through sediment pores. The exact mechanism by which this occurs varies based on a number of factors, mainly 386 

impact velocity and droplet diameter. These processes are54. 387 

1) Irregular Entrainment: in which the complex and unpredictable details of a splash somehow entrain a 388 

bubble(s) 389 



2) Regular Entrainment: in which a retreating impact crater leaves behind a small volume of gas connect via a 390 

narrow neck that is eventually pinched off leaving behind a single bubble (see figure 7a)  391 

3) Entrainment of large bubbles: in which most of the volume of the crater is trapped as a bubble 392 

4) Mesler Entrainment: in which many tiny bubbles are trapped in the early stages of impact process, possibly 393 

between the crest of capillary waves on the droplet and body of water 394 

Bubbles produced by entrainment act identically to examples discussed previously, oscillating to produce an 395 

exponentially decaying sinusoidal wave in the near field54. The only notable difference to seabed gas release is that 396 

the bubbles are much closer to a free surface (the water surface), meaning the mass of water regulating the 397 

oscillations is lower and thus the natural frequency of the bubbles is slightly higher than the Minnaert frequency (see 398 

equation 5). 399 

 400 

Figure 7; A) a diagram of regular entrainment of a bubble following the impact of a water droplet B) the acoustic 401 

signature of a raindrop. Note the weak sharp signal from the impact itself (2) followed by the larger oscillation of the 402 

bubble (5) once it detaches from the crater. Adapted from Medwin & Nystuen (1990) 403 

 404 

Given a large enough area and a large enough number of raindrops (of a consistent size distribution), one can 405 

assume a constant number of raindrops are impacting the water per second and therefore a constant number of 406 

bubbles are being entrained. Consequently, rainfall results in a constant “ambient” noise. Using this principle and 407 



quantifying the number of bubbles entrained per second 𝑛(𝑓) in a 1 Hz frequency band over a 1 m2 area of water, 408 

Pumphrey & Elmore (1990) were able to show that the intensity below the surface of the oscillating bubbles at any 409 

given frequency 𝑓 is. 410 

𝐼𝑅𝑎𝑖𝑛 =   
𝑛(𝑓)𝐷2𝑄

4𝑓𝜌𝑐
 , 411 

(11) 412 

where 𝑄 is the quality factor and 𝐷 is the initial dipole strength of the bubble. From which the intensity spectrum 413 

level is given by. 414 

𝐼𝑆𝐿𝑅𝑎𝑖𝑛 = 10log
𝐼𝑅𝑎𝑖𝑛 ∙ 𝜌𝑐

1 𝜇𝑃𝑎2 𝐻𝑧⁄
 =  10log

𝑛(𝑓)𝐷2𝑄 4𝑓⁄

1 𝜇𝑃𝑎2 𝐻𝑧⁄
. 415 

(12) 416 

From here it is important to note that while 𝐷 increases with increasing 𝑓, 𝑄 decreases. these two effects cancel 417 

each other out meaning the spectrum is dominated by the number of bubbles entrained per second54. Additionally, 418 

it has been observed that, neglecting refraction and absorption, 90% of the rain signal arrives from a sample area 419 

with a radius equal to 3 times the observer’s depth54.  Thus, using equation 12 and the size and number of bubbles 420 

produced per second by entrainment one can calculate the acoustic spectrum produced by rainfall or vice versa.  421 

It is difficult to precisely predict the relative occurrence of each entrainment process during a rainstorm. While 422 

regular entrainment is by far the most well understood process, its name is more a consequence of being the easiest 423 

to comprehend and predict. Indeed, when Pumphrey and Elmore (1990) mapped which process occurs at which 424 

impact velocity to drop diameter ratio the plot is dominated by Mesler entrainment. Additionally, if one were to 425 

assume all impacts occurred at terminal velocity then the entrainment of large bubbles would never occur, and 426 

irregular entrainment would occur only during storms with particularly large droplets54,56–66. It is logical to assume 427 

that the splashing of water will produce some droplets that impact at below terminal velocity meaning all 428 

entrainment processes are likely to occur at some point during a rainstorm. However, it is reasonable for now to 429 

assume only regular and Mesler entrainment dominate and justify further consideration.  430 

Mesler entrainment produces multiple very small bubbles ~25 µm in radius regardless of the size and velocity of 431 

the droplet. This results in a natural frequency of approximately 1.3 MHz. The high frequency / small size of Mesler 432 



bubbles ultimately means they produce very little noise with high levels of attenuation and consequently have little 433 

to no impact on the acoustic signature of rainfall, especially in the far field, meaning regular entrainment is 434 

responsible for the majority of bubble oscillation sound during rainfall54,56–64,67–71.  435 

Regular entrainment produces different bubble sizes for different droplet sizes and impact velocities. If we 436 

consider only the bubbles produced by raindrops traveling at terminal velocity, regular entrainment is the result of 437 

droplets 0.40 to 0.55 mm in radius (with larger and smaller droplets resulting in Mesler entrainment)57,64,71. Bubbles 438 

produced by regular entrainment of droplets of this size are predicted to be in the range 0.16 to 0.33 mm in radius, 439 

resulting in frequencies between 10 and 20 kHz. Laboratory and field data has consistently shown that there is a 440 

general increase in the number of bubbles entrained with bubble radius, peaking at ~0.23 mm in radius and dropping 441 

off rapidly above ~0.27 mm54,57,61,64,66.  442 

Consequently, the spectral content of rainfall on a body of water is expected to have a gradually increase in 443 

intensity with decreasing frequency, leading to a large peak at around 14-15 kHz and followed by a sharp decline 444 

below 10-12 kHz, the exact intensity of the signal depending on the number of bubbles entrained per second (a 445 

consequence of the number of raindrops impacting per second)56,57,64. This prediction fits well with field observation, 446 

see figure 8. Data collected from lakes, land-based water tanks, brackish ponds and deep marine environments all 447 

show a distinctive peak at 14-15 kHz with a sudden drop off below 10-12 kHz 56.  448 

One consistent observation in repeat studies is a decrease in the prominence of the 14-15 kHz peak with 449 

increased rates of rainfall, with the peak being almost indistinguishable above 30 mm/hr as seen in figures 6 and 450 

872,73. This is because at higher rainfall rates, more bubbles oscillating between 10 to 20 kHz are generated per 451 

second resulting in an increased intensity of the signal. However as can be seen in equation 12 this is a logarithmic 452 

increase with diminishing returns meaning while the surrounding frequencies increase in intensity the 14-15 kHz 453 

peak is relatively unmoved, flattening out the spectrum. Additionally, in the field increased rainfall tends to be 454 

accompanied by increased windspeed, which as we will discuss next also affects the rain spectrum. For this reason, 455 

the rain spectrum is best observed during a drizzle or light rain74. 456 



 457 

Figure 8; the average SPL spectra of rainfall acoustic at various rates as record by a number of buoys in lakes and 458 

seas around the world over a collective total of 30 months. Note the distinct peak at 14 kHz caused by the regular 459 

entertainment of bubbles from rainfall that becomes less prominent as rainfall become more intense. Adapted from 460 

Ma and Nystuen (2004).  461 

  462 

The rain signature above 10 kHz is known to be affected by wind speed54,57,58,65. Ma and Nystuen (2004) noted 463 

that as wind speed increased from 0.6 to 3.3 m/s, the 15 kHz peak became less prominent and broader, shifting up 464 

by a few kHz. The increased wind speed drives waves on the surface of the water which has two effects. Firstly, it 465 

alters the angle of incidence of raindrops on the water, this reduces the probability that an individual droplet will 466 

produce a bubble from a 100% at normal incidence to 10% at a deviation of 20° 57. Additionally, a deviation of 20° 467 

causes a 30% decrease in the energy emitted by the initial impact57. This means that dominance of the bubble noise 468 

over the impact noise reduces by a factor of 10, thus making the peak less prominent. Secondly, as we will discuss 469 

later, at high wind speeds breaking waves / white caps can also produce bubbles of similar magnitude which will 470 

interfere with the sound of rainfall. However, it has been observed that under certain conditions rainfall can prevent 471 

the formation of breaking waves 1,75–77. 472 

Some studies have noted a secondary rise in the rain spectrum starting at 2-3 kHz and peaking around 5 kHz. 473 

This is believed to be a consequence of irregular entrainment of bubbles caused by very large droplets 2.0-3.5 mm in 474 



diameter 59–62,65. We had previously dismissed irregular entrainment and the entrainment of large bubbles by 475 

assuming all the droplets impacted at terminal velocity and that larger droplets were less common than small ones. 476 

However, it appears that when a rainstorm is comprised of particularly large droplets (>2.0 mm) the frequency of 477 

irregular and large entrainment events is significant enough to cause a recognisable spike in the spectrum. Possibly 478 

as a result of accompanying wave action lowering the impact velocity. This secondary 5 kHz peak while less 479 

conspicuous than the 14-15 kHz peak may in fact be more useful as it exists in the part of the spectrum less affected 480 

by wind and wave noise (2 - 10 kHz)57. This means that observations of the intensity of the 5 kHz peak can be used 481 

for rainfall quantification regardless of windspeeds. Using comparative rain gauge data Ma and Nystuen (2001) 482 

proposed the following equation for calculating the rainfall rate 𝑆𝑟𝑎𝑖𝑛 in mm/hr based on the sound pressure level at 483 

5 kHz (𝑆𝑃𝐿5𝑘𝐻𝑍).   484 

10 log10 𝑆𝑟𝑎𝑖𝑛 10⁄ = (𝑆𝑃𝐿5𝑘𝐻𝑍 − 42.4) 15.4⁄ . 485 

(13) 486 

 487 

 488 

While the exact relationship varies from location to location based on local conditions and ambient noise levels, 489 

acoustic inversion of rainfall (with sufficient calibration) is a highly promising technique for use in meteorological & 490 

oceanographic research which is becoming increasingly common57,60–62,65,71,73,78. 491 

In summary the acoustic signature of rainfall in the marine environment is caused by the entrainment of 492 

bubbles, not the impact of the droplets themselves. The rain spectrum is a distinctive peak at 14-15 kHz with a 493 

sudden drop off below 10-12 kHz, caused by regular entrainment, and occasionally a secondary smaller peak at 5 k 494 

Hz, caused by irregular entrainment when droplet are particularly large. The intensity of these peaks is dictated by 495 

the number of raindrops impacting the water per second. As the intensity of the rainfall increases the peaks 496 

becomes broader and less well defined. Increasing wind speeds also mutes the 14-15 kHz peak due to altering the 497 

impact angle of droplets and interference from wave noise, however the 5 kHz peak is less affected by wind and 498 

can be used for rainfall quantification. 499 

 500 



Breaking wave acoustics  501 

In the natural marine environment sufficiently high wind speeds can cause surface gravity waves to break as 502 

whitecaps (or whitehorses)1. Unsurprisingly this process entrains a large number of bubbles which oscillate near the 503 

surface, as described by equation 578–81. Not only do these bubbles have a noticeable effect on the ambient noise of 504 

the ocean (via oscillation)78 but they may also affect the passage of other acoustic signals by altering the propagation 505 

of sound waves near the sea surface78. First, we will discuss waves as acoustic sources before discussing the effect 506 

wave generated bubbles have on the speed of sound and finally the ambient noise generated by wave action and 507 

how this can be related to wind speed. We will not discuss in detail the hydrodynamic controls behind breaking 508 

waves, other than to note, in general, strong winds result in larger breaking waves, as this in itself would demand a 509 

full chapter1,78. 510 

 The entrainment of bubbles from wave action is a highly dynamic process (even more so than rainfall) with 511 

the exact minutia of the bubble generation being poorly understood78. We know, however, from laboratory and field 512 

data that distinct bubbles are initially generated during one of two phases: Jet Entrainment and Cavity collapse78. 513 

 Jet entrainment begins as soon as the wave starts to break. The crest of the wave overturns and plunges into 514 

the wave face, forming a plunging jet, with a cavity of air trapped between the two bodies of water. This chaotic 515 

collision of the jet generates bubbles generally between 0.1 and 2.0 mm in radius (2 to 30 kHz)1. Additionally, the 516 

impact of the jet causes the water to splash and a number of droplets to also entrain bubbles. Towards the end of a 517 

breaking wave’s life cycle the cavity of air trapped between the wave face and the plunging jet will collapse. This 518 

forms a large number of bubbles the majority of which are between 2.0 and 10.0 mm in radius (0.4 to 2 kHz)78. Given 519 

the high density of bubbles the remnants of the cavity act as a “bubble cloud.” As discussed, earlier bubbles in a 520 

cloud tend to act as coupled oscillators with normal modes of oscillation much lower than that of individual 521 

bubbles78,82. The cavity collapse phase is thus responsible for frequencies between 0.1 and 0.5 kHz due to the bubble 522 

cloud, and higher frequencies up to ~2 kHz from individual oscilations78,82. It is also at this time that the plunging jet 523 

forms a shear zone along the wave surface which encircles the cavity remnants. Some bubbles will be pulled through 524 

this shear zone which can cause a bubble to fragment into two or more smaller fragments, which once again 525 

oscillate though at a higher frequency than their parent bubble1,78,83. For example, a large bubble oscillating at 3.1 526 

kHz may produce two daughters one at 50 kHz and one at 32.3 kHz78,84. The intensity of the cavity collapse signature 527 

is far greater than that of the Jet period (or later shearing) thus when waves are continuously breaking in the marine 528 



environment it is the sound of these bubble clouds which dominates. Therefore, the acoustic signature of a breaking 529 

wave near the surface can most easily be recognised by low frequency signal between approximately 0.2-2 kHz78,82 530 

distinct from that of rain and gas seeps36,57. 531 

Deane & Stokes (2002) presented the average acoustic signature of (17) 10 cm tall plunging breakers, figure 532 

9. Here one can clearly see the jet period, which is continuous throughout the breaking of the wave, responsible for 533 

the signal above 2 kHz with the majority of the sound generated below 10 kHz. The cavity collapse period can also be 534 

clearly identified as a quick (~0.3 s) low frequency burst centred around 0.3 kHz78,84. It should be intuitive that the 535 

acoustic signature (or rather the resulting bubble cloud) of a wave is a consequence of its size (and the style of 536 

breaking), which is typically a function of wind speed. Thus, by observing the breaking of a wave one could infer the 537 

acoustic signal or vice versa. 538 

 539 

Figure 9; Spectrogram of wave noise calculated from an average of 17 breaking events. Note the “Jet” and “cavity” 540 

phases.  The colour contours represent sound intensity plotted in a decibel scale (the intensity if referenced to 1 541 

µPa2Hz-1) versus frequency and time. The log scale labelled “a” on the left-hand side indicates the radius of a bubble 542 

resonant at the corresponding frequency of the frequency scale (F). The wave noise was measured by a hydrophone 543 

mounted in the wave flume beneath the bubble plume. The images plotted below the spectrogram show the 544 

sequence of flow features at different times during the acoustic emissions. From Deane and Stokes (2002) 545 



 546 

 Given the energetic and variable nature of breaking waves it is difficult to predict exactly what happens to 547 

the resulting bubbles postproduction. The exception to this is during Langmuir circulation, which is the slow shallow 548 

counter rotational vortices aligned with wind direction that develop when wind blows steadily over a body of water, 549 

which have been extensively analysed. After formation Langmuir circulation, can carry wave generated bubbles up 550 

to 10 m below the surface85. In wind speeds >7 m/s this has been known to result in linear bubble clouds orientated 551 

parallel to wind direction1. These Langmuir bubble clouds consist of bubbles produced throughout the lifecycle of a 552 

wave (jet and cavity collapse phase) as well as potentially those entrained by rainfall. Individual bubbles in the cloud 553 

will naturally shrink due to dissolution and eventually disappear86, however a high concentration of bubbles may 554 

delay this process and a continued supply of freshly generated bubbles can allow the cloud as a whole to persist as 555 

long as circulation is active.1,86,87 The clouds generally have void fractions between 10-4 and 10-5% that is assumed to 556 

be uniform in the horizontal plane but falls off exponentially with depth1,81,88,89. 557 

 As the speed of sound depends on the inertia and stiffness of the material it is passing through the speed of 558 

sound in a bubble cloud (or “bubbly liquid”) differs from that of pure water. As gas is less dense than water, sound 559 

waves travel more slowly through bubble clouds, becoming slower the larger and more numerous the bubbles are, 560 

i.e., the larger the void fraction90,91. If there is a distribution of bubble sizes within a cloud, such that 𝑛𝑛
𝑔𝑟

(𝑧, 𝑅)𝑑𝑅0 is 561 

the number of bubbles per unit volume at depth 𝑧 having a radii between 𝑅0 and 𝑅0 + 𝑑𝑅0, the speed of sound in a 562 

cloud 𝑐𝑐 is given by 87; 563 

𝑐𝑐(𝑧, 𝜔) = 𝑐 {1 − (2𝜋𝑐2) ∫
𝑅0

𝜔2

∞

𝑅0=0

(
(𝜔0 𝜔⁄ )2 − 1

{(𝜔0 𝜔⁄ )2 − 1}2 + 𝑑2) 𝑛𝑛
𝑔𝑟

(𝑧, 𝑅)𝑑𝑅0}, 564 

(14)  565 

where 𝑑 is the dimensionless damping constant for a single bubble, and 𝜔0 being the resonant circular frequency of 566 

the bubble given by 𝜔0 = 2𝜋𝑓0.  567 

Given the above, and the fact surface generated bubble clouds tend to decrease in concentration with 568 

depth, one can see how the presence of breaking waves can result in an ocean model where sound speed increases 569 

noticeably with depth within the upper ~10 m1,92–96. In such a scenario downward propagating sound waves will tend 570 

to turn, due to refraction, bending upwards back towards the surface. Similarly, upward propagating waves will also 571 



turn, refracting downwards. Repeating this cycle can result in the horizontal propagation of sound waves, trapping 572 

acoustic energy in the near surface83,89. In terms of wave acoustics, Farmer and Vagle (1989) and Buckingham (1991) 573 

both suggested that for a given mode the signal becomes evanescent (unable to propagate further) below certain 574 

“extinction” depth. They suggest trapping of sound in such a waveguide might influence the ambient acoustic 575 

spectra of wave noise and that by observing certain “drop out frequencies” one could infer the bubble size 576 

population generated by breaking waves, though Buckingham argues the loss of signal alone is not sufficient for a 577 

full analysis94,95. Unfortunately, the latter appears to be correct as despite numerous attempts in the following years 578 

little progress has been made inverting bubble populations from wave acoustics90,91. 579 

Accounting for the bubble cloud effects Deane & Stokes (2010) presented a model for calculating the 580 

underwater noise of a single breaking wave at a distance 𝑟 with good agreement with experimental observations. 581 

Here, assuming wave noise is superposition of oscillations from generated bubbles, the creation times of bubbles 582 

being uniform and randomly distributed throughout the breaking period, the Power spectrum is given by 583 

𝑃(𝜔, 𝑟) = ∫ ∫ 𝜆(𝑎, 𝑟)|𝛾(𝜔, 𝑎)𝛼(𝜔, 𝑎)|2
𝑎𝑚𝑎𝑥

𝑎𝑚𝑖𝑛

 

𝑉

𝑑𝑎𝑑𝑉, 584 

(15) 585 

 where 𝑎𝑚𝑖𝑛 and 𝑎𝑚𝑎𝑥  are the minimum and maximum bubble sizes generated, 𝑉 is the plume volume,  𝜆(𝑎, 𝑟) is 586 

the rate at which bubbles are generated, 𝛾(𝜔, 𝑎) and 𝛼(𝜔, 𝑎) are the Fourier transforms of the convolution of free-587 

space bubble pulses and Greens function for the medium of propagation respectively83.   588 

With an understanding of the individual acoustic signal of a breaking wave and the manner in which bubble 589 

clouds effect the near surface, one might assume calculating the resulting signal of multiple breaking waves would 590 

be straightforward. After all, an observer, at a given depth, will record a signal that is the superposition of all the 591 

waves breaking above it at any given moment. Given a large enough area and a large enough number of waves, i.e., 592 

an ocean, one can assume a constant number of waves are breaking resulting in a constant “ambient” noise, as was 593 

the case with rainfall. Indeed, if all the waves were identical and occurring in some symmetrical pattern around the 594 

recorder, we could attempt to estimate the signal via theoretical calculations. However, this is not realistic and 595 

would be of little practical use, a range of breaking wave size and styles will always exist distributed erratically along 596 

the sea surface79,80,92,93. Additionally, a detailed understanding of the size distribution of bubbles generated in a 597 

breaking wave  𝜆(𝑎, 𝑟) in equation 15 is required, something lacking outside of easily replicable waves83.   598 



For simplicity’s sake the seminal work of Knudsen et al., (1948) and Wenz (1962) describing the ambient 599 

sound pressure level (SPL) in the ocean at different wind speeds using field observations, seen in figure 6, is still 600 

relevant9,88,96. Starting at around 0.20 kHz rising 3-5 dB re 1µPa2/Hz to a peak at approximately 0.5 kHz (consistent 601 

with the above discussion) before dropping off slowly, ~25 dB re 1µPa2/Hz by 10 kHz, with peak sound pressure 602 

levels of 60 and 73 dB re 1µPa2/Hz respectively for wind speeds of 3.4- 5.5 m/s and 17.2- 20.7 m/s81,88,96,97. This does 603 

not generally cover strong gales (wind speed > 20.8 m/s), as during higher wind speeds it becomes difficult to 604 

identify periods of pure wind noise (i.e., non-rain contaminated). 605 

Despite the complexity of the task however, many still wish to be able to calculate the ambient noise of 606 

breaking waves e.g., for storm monitoring60,61,65,96,98 or studying ocean atmospheric mixing78,99. The most widespread 607 

approach it via WOTAN (Wind Observations Through Ambient Noise) calculations. Here observations of the ambient 608 

noise from breaking waves has been correlated with wind speed through numerous studies to empirically map their 609 

relationship88,96. Originally this work was done with the intent of estimating wind speed based on ambient wave 610 

noise, but the reverse should also possible (calculating ambient wave noise based on wind speed). 611 

 Using past studies and their own data Vagle et al., (1990) determined that the source sound level at a depth 612 

of 1 m from breaking waves was given by  613 

𝑆𝑆𝐿0 = 𝑞 log 𝑓 + 𝐺, 614 

(16) 615 

where 𝑞 is the slope of the logarithmic spectrum of the wind generated sound which they find to be equal to -19.0 616 

dB/decade (in good agreement with past estimates81). 𝐺 is a variable function of wind speed. Vagle et al., (1990) 617 

determined values for 𝐺 between set wind speeds which we note approximately follows 𝐺 = 1.3𝑈10+56 (𝑈10 being 618 

the wind speed 10 m above water level). Unfortunately, this sound level equation only holds true for low wind 619 

speeds (𝑈10  ≤ 15 m/s) and below a certain critical frequency, log 𝑓𝑐 = 1.9 − 0.07𝑈10
99. 620 

Zhao et al. (2014) expanded upon this work and by studying the underwater acoustics of typhoons using 621 

Lagrangian floats. Figure 10 displays the spectral content they observed at a range of high wind speeds from a 622 

number of floats. They noted that low frequency sound (<1 kHz) monotonically increased with wind speed while 623 

intermediate and higher frequencies initially increase then decrease with wind speed. They presented the following 624 

empirical equation to calculate the sound pressure level of a given frequency in wind speeds up to 50 m/s96.  625 



𝑆𝑃𝐿 =  𝑆𝑛𝑜𝑖𝑠𝑒 + 𝑆10

(
𝑈10

10⁄ )
𝑛𝑙𝑓

1 + (
𝑈10

𝑓𝑝𝑒𝑎𝑘
⁄ )

𝑛ℎ𝑓
, 626 

(17) 627 

where 𝑆𝑛𝑜𝑖𝑠𝑒  is the noise floor, 𝑆10 is the sound level at 10 ms-1 wind, 𝑓𝑝𝑒𝑎𝑘 controls the wind speed with the sound 628 

level maximum and 𝑛𝑙𝑓 / 𝑛ℎ𝑓 are values which control the increasing / decreasing in lower/higher wind conditions. 629 

All of these values are a function of the target frequency though the exact relationship is not fully understood nor 630 

linear, determined instead via least square fitting of observations96. Consequently, real time analysis of wind speed 631 

via acoustics is still an emerging field. While highly promising this approach needs to be tested in multiple 632 

environments many more times, especially if the underlying variables are to be better understood61,88,96,100–103. 633 

 634 

 635 

Figure 10; spectrogram of breaking wave noise at various wind speeds recorded at sea during tropical cyclones. Each 636 

curve averages all spectra in 5 ms-1 wind speed bins from measurements at depth > 2m of a single float, multiple 637 

curves of the same colour denote observations from multiple floats. The four black lines show representative 638 

spectral slopes at low (α) and high (β) frequencies. Gray box shows the transition frequency (2-4 kHz) between the 639 

two slope regions. The dip in sound level near 3 kHz may be an instrumental effect. Taken from Zhao et al. (2014) 640 



 641 

 It should be apparent from the above that accurately predicting the acoustic signal recorded at a 642 

hydrophone as a result of breaking waves, at any given wind speed, is an exceedingly difficult task especially at gale 643 

force winds (>17.6 m/s)88,96, and particularly without some prior observations for calibration. Furthermore, many 644 

empirical WOTAN studies themselves are intrinsically flawed for the purpose of calculating noise levels at depth as 645 

they only study the effects of wind on specific frequencies. Additionally, without a better understanding of the affect 646 

bubble clouds have on the downward propagating of the signal estimations at depth (>100 m) are highly speculative.   647 

 648 

In summary the acoustic signature of a breaking wave is primarily the result of bubble cloud generation 649 

during the final cavity collapse phase of a wave’s life cycle. While individual bubble frequencies range from 0.4 to 650 

2.0 kHz the frequency of the bubble cloud itself is typically lower, at 0.1 to 0.5 kHz. The exact frequency spectrum 651 

depends on the properties of the wave itself, which is usually a consequence of wind speed, so can be highly 652 

variable even under laboratory conditions. Bubbles generated by breaking waves can be pulled down up to 10m 653 

by Langmuir currents where they can create steep sound speed profiles with depth, possibly trapping select 654 

acoustic signals. The highly dynamic and unpredictable nature of breaking waves make predicting ambient noise 655 

from multiple breaking waves difficult, especially in gale force winds. “Wind Observations Through Ambient 656 

Noise” allow for measurements of wind speed via the ambient noise of wave action based on empirical 657 

observations but are insufficient for calculating ambient noise at depth. Knudsen curves are still the most 658 

commonly used prediction of ambient noise from wave action, with a positively skewed peak at around 0.5 kHz 659 

increasing in intensity with wind speed.  660 

 661 

  662 



Conclusion  663 

 Bubbles have subtle, yet far reaching effects on marine acoustics. The initial formation of a bubble triggers 664 

simple harmonic motion at a natural frequency, known as the Minnaert frequency, which is approximately inversely 665 

proportional to its radius. Thus, by observing the acoustic signature of a bubble one can determine its size. While the 666 

sound of a single bubble is low energy, the continuous release of multiple bubbles can have a significant impact on 667 

the ambient marine soundscape. In order to accurately predict the ambient noise produced by either a gas seep, 668 

rainfall, or breaking waves one must have a detailed understanding of the size distribution of bubbles being 669 

generated. Unfortunately, it is all but impossible to predict the size of bubbles released. However, it is possible to 670 

use observations of ambient noise to infer the characteristics of these sources; the flux from a gas seep, the intensity 671 

of rainfall and the wind speed resulting in breaking waves.  672 

 673 
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Appendix  709 

Minnaert Frequency Derivation  710 

 711 

The following is a derivation of the Minnaert equation following Leighton (1994). 712 

We can find the Kinetic Energy, K, of the water surrounding a bubble by integrating over shells of liquid 713 

from the bubble wall to infinity. A shell of radius 𝑟 and a thickness 𝑑𝑟 has a mass of 4𝜋𝑟2𝜌𝑑𝑟 (𝜌 being the density of 714 

water), thus the kinetic energy of the surrounding water is.  715 

𝜑𝐾 = ∫ (

∞

𝑅

4𝜋𝑟2𝜌 𝑑𝑟)�̇�2 716 

(A1) 717 

 The mass of liquid flowing in time 𝑑𝑡 through any spherical surface around the bubble is 4𝜋𝑟2�̇�𝜌𝑑𝑡. 718 

Assuming the liquid is incompressible then by conservation of mass this general flow can be equated to the flow at 719 

the bubble surface which can be shown to be �̇� �̇�⁄ = 𝑅2 𝑟2⁄ . Substituting this into the above gives. 720 

𝜑𝐾 = 2𝜋𝑅3𝜌�̇�2 721 

(A2) 722 

 Kinetic Energy is a maximum at the equilibrium position (as with any harmonic oscillator) when 𝑅 =  𝑅0 and 723 

�̇� = 𝑖𝜔0𝑅𝜀0𝑒𝑖𝜔0𝑡 implying that |�̇�|
2

= (𝜔0𝑅𝜀0)2. Thus, the maximum value of the kinetic energy is 724 

𝜑𝐾𝑀𝑎𝑥 =  
1

2
𝑚𝑅𝐹

𝑟𝑎𝑑 (𝜔0𝑅𝜀0)2 =  2𝜋𝑅0
3𝜌(𝜔0𝑅𝜀0)2 725 

(A3) 726 

where 𝑚𝑅𝐹
𝑟𝑎𝑑 is the radiation mass of the bubble in radius-force frame. This mass is the effective inertia of the liquid 727 

component of the oscillating system which the pulsating bubble represents i.e., 𝑚𝑅𝐹
𝑟𝑎𝑑 = 4𝜋𝑅0

3𝜌. It arises from the 728 

liquid that is transmitting acoustic waves and is the only inertia considered by the Minnaert derivation. 729 

Through conservation of energy, maximum kinetic energy 𝜑𝐾𝑀𝑎𝑥 must equal maximum internal energy 730 

𝜑𝑃𝑀𝑎𝑥 which occurs when 𝑅 = 𝑅0 ± 𝑅𝜀0 and �̇� = 0. The work done compressing the bubble from equilibrium 731 



volume 𝑉0 (at radius 𝑅0) to minimum volume 𝑉𝑚𝑖𝑛 (at radius 𝑅0 − 𝑅𝜀0) is the integral of −(𝑝𝑔 − 𝑝0)𝑑𝑉 where 𝑝𝑔 is 732 

the gas pressure and 𝑝0 is the hydrostatic liquid pressure outside the bubble. 733 

𝜑𝑃𝑀𝑎𝑥 = − ∫ (𝑝𝑔 − 𝑝0) 𝑑𝑉

𝑉𝑚𝑖𝑛

𝑉𝑚𝑎𝑥

= − ∫ (𝑝𝑔 − 𝑝0)4𝜋𝑟2 𝑑𝑟

𝑅0−𝑅𝜀0

𝑅0

 734 

(A4) 735 

 Minnaert derived his equation assuming that the gas behaved adiabatically, i.e. that there was no heat flow 736 

across the bubble wall. This was adapted by the introduction of the polytropic index 𝜅 (which takes a value equal to 737 

unity when the gas behaves isothermally and equals the ratio of the specific heat of the gas at constant pressure to 738 

that at constant volume, when the gas behaves adiabatically)8. Assuming the gas behaves polytropically so that 739 

𝑝𝑔𝑉𝜅 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 then since 𝑅𝜀 = 𝑅 − 𝑅0 by equating the pressure and volume condition at equilibrium to those 740 

when the bubble attains minimum volume gives. 741 

𝑝𝑔(𝑅0 + 𝑅𝜀)3𝑘 = 𝑝0𝑅0
3𝑘 742 

(A5) 743 

for small displacements, the binomial expansion of this is. 744 

𝑝0 − 𝑝𝑔 ≈
3𝜅𝑅𝜀𝑝0

𝑅0
 745 

(A5) 746 

substituting this into the maximum internal energy 𝜑𝑃𝑀𝑎𝑥  with the use to first order 𝑅𝜀 = 𝑅 − 𝑅0 coordinates gives. 747 

𝜑𝑃𝑀𝑎𝑥 = ∫
3𝜅𝑅𝜀𝑝0

𝑅0
4𝜋𝑅0

2 𝑑𝑅𝜀 = 6𝜋𝜅𝑝0𝑅0𝑅𝜀0
2

𝑅𝜀0

0

 748 

(A6) 749 
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this allows us to equate the maximum kinetic energy and maximum potential energy 751 

𝜑𝐾𝑀𝑎𝑥 = 2𝜋𝑅0
3𝜌(𝜔0𝑅𝜀0)2 = 6𝜋𝜅𝑝0𝑅0𝑅𝜀0

2 =  𝜑𝑃𝑀𝑎𝑥  752 

(A7) 753 

which can be solved for the resonance circular frequency 𝜔0; 754 

𝜔0 =
1

𝑅0

√
3𝜅𝑝0

𝜌
 755 

(A8) 756 

and finally using 𝜔0 = 2𝜋𝑓
𝑀

 gives us the Minnaert frequency equation. 757 

𝑓𝑀 =
1

2𝜋𝑅0

√
3𝜅𝑝0

𝜌
 758 

(A9) 759 
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Symbology  762 

SYMBOL DEFINTION 

𝒂𝒎𝒊𝒏 Minimum bubble size generated 
𝒂𝒎𝒂𝒙 Maximum bubble size generated 

𝑩(𝑹𝟎) Bubble size distribution 
𝒄 Speed of sound in water 
𝒄𝒄 Speed of sound through a bubble cloud  
𝒅 Dimensionless damping constant for a single bubble = 2𝛽 𝜔⁄  
𝑫 initial dipole strength of the bubble 
𝒇 Frequency  

𝒇𝒑𝒆𝒂𝒌 Peak frequency 

𝒇𝑴 Minnaert frequency – oscillation frequency of a bubble as predicted by 
Minnaert equation 

𝒇𝟎 Natural frequency of a bubble oscillation 
𝑮 A variable function of wind speed 
𝒉 Distance from the centre of the bubble to the surface of the water 

𝑰𝑹𝒂𝒊𝒏 Intensity of rainfall beneath the surface at a given frequency 
𝑰𝑺𝑳𝑹𝒂𝒊𝒏 Intensity spectrum level of rainfall beneath the surface at a given frequency 

𝒍 loaded length of spring  
𝒍𝟎 unloaded length of spring 
𝑳𝒅 Diameter of water droplet 

𝒎𝑹𝑭
𝒓𝒂𝒅 Radiation mass of bubble in radius force frame 

𝒏 Mode number 
𝒏(𝒇) Number of bubbles entrained per second by rainfall 
𝒏𝒍𝒇 A quantity controlling the increasing slope of wave noise in lower wind 

conditions 
𝒏𝒉𝒇 A quantity controlling the decreasing slope of wave noise in higher wind 

conditions 

𝒏𝒏
𝒈𝒓

(𝒛, 𝑹)𝒅𝑹𝟎 Number of bubbles per unit volume at depth 𝑧 having a radii between 𝑅0 and 
𝑅0 + 𝑑𝑅0 

𝑵𝒃 Number of identical bubbles in a bubble cloud 
𝒑𝒈 Gas pressure inside bubble 

𝒑𝟎 Hydrostatic liquid pressure outside the bubble 
𝒑𝒗 Vapour pressure 

𝑷(𝝎, 𝒓) Power spectrum of a breaking wave 
𝒒 Quality factor 

𝑸𝒘 Slope of the logarithmic spectrum of the wind generated sound 
𝒓 Radial distance 
𝑹 Radius of Bubble wall  

𝑹𝟎 Equilibrium radius of bubble 
𝑹𝜺 Displacement of the bubble wall from equilibrium radius 

𝑹𝜺𝟎 Maximum displacement of bubble wall from equilibrium radius 

𝑹𝝐𝟎𝒊 Initial amplitude of displacement of the bubble wall 

𝑹𝒎𝒂𝒙 Maximum radius of bubble 

𝑹𝒎𝒊𝒏 Minimum radius of bubble  

𝑺 Column vector containing the measured spectrum 𝑆(𝜔𝑘) 
𝑺(𝝎) Power spectral density of a marine gas seep 
𝑺𝟏𝟎 Sound level at 10 ms-1 wind 

𝑺𝒏𝒐𝒊𝒔𝒆 Noise floor 
𝑺𝒓𝒂𝒊𝒏 Rainfall rate 
𝑺𝑷𝑳 Sound pressure level  

𝑺𝑷𝑳𝟓𝒌𝑯𝒁 Sound pressure level at 5 kHz 
𝑺𝑺𝑳𝟎 Source sound level of breaking waves at a depth of 1m 

𝒕 Time 
𝒖 Impact mach number 

𝒖𝒅 Impact speed of water droplet 



𝑼𝟏𝟎 Wind speed 10 m above water level 
𝑽 Volume of bubble plume 

𝑽𝟎 Equilibrium bubble volume 
𝑽𝒎𝒊𝒏 Minimum bubble volume 
𝑽𝑭 Void Fraction  
𝒛 Depth below sea surface 

𝜶(𝝎, 𝒂) Fourier transform of the Greens function for the medium of propagation 
respectively 

𝜸(𝝎, 𝒂) Fourier transform of the convolution of free-space bubble pulses 
𝜹𝒕𝒐𝒕 Total damping constant for bubble pulsation at resonance 

𝜺 Displacement from equilibrium  
𝜽 Polar angle, angle between observer and source relative to the z axis 

𝝋𝑲 Kinetic energy 

𝝋𝑲𝑴𝒂𝒙 Maximum kinetic energy  

𝝋𝑷𝑴𝒂𝒙 Maximum internal energy 
𝜿 Polytropic index 
𝝈 Surface tension 
𝜼 Shear viscosity 
𝝆 Density of water  
𝝎 Angular frequency = 2𝜋𝑓 

𝝎𝟎 Angular resonate frequency  
𝜳(𝒏) Bubble generation rate (for marine gas seep) 
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